Abstract -Second-harmonic control is implemented in a balanced common-emitter configuration to facilitate frequency independent third-order intermodulation distortion (IM3) cancellation. Experiments demonstrated an over 15 dB improvement in the output third-order intercept point (OIP3).
I. INTRODUCTION
Today's market for high dynamic-range low-noise amplifiers (LNAs) for wireless communication systems is dominated by bipolar devices. This is due to their high transconductance at low current levels and their relative good noise performance. Currently, people are moving towards SiGe HBTs for their inherently better low-noise performance and higher f, 's than their conventional double-poly counterparts. Besides their qualities, bipolar devices are in general strongly non-linear due to their exponential nature. In view of this, when considering the increasing demands on linearity by today's mobile communication standards, people trade off linearity against collector current, which determines the DC-power consumption.
Yet, theoretically it can be shown that it is possible to obtain a good intermodulation distortion (IMD) at lower collector currents. In short, third-order intermodulation distortion (IM3) cancellation exists due to the interaction of the total series resistance (source, base, and emitter) with the exponential base-emitter conductance. This phenomenon was first reported in [ 11. In practice, however, this effect is masked when the device is operated at RF frequencies, where reactive components of the device and the circuit become dominant [2] . In other work [3] partial IM3 canceling was reported at higher frequencies, which has been attributed to the interaction of the base-emitter diffusion capacitance and the exponential current relationship. More recent work [4] also includes the contribution of the base-emitter depletion capacitance to the high-frequency non-linear behavior of a common-emitter stage but does not focus on IM3 canceling effects. The goal of this work is to provide a theory and a circuit concept for a full frequency span IM3 cancellation at low collector currents, without trading off any gain and noise performance.
Our analysis starts with the requirement for lowfrequency resistive IM3 cancellation. Next, we use a Volterra series analysis to establish the theory for the full frequency-span IM3 cancellation by identifying the missing circuit/device requirements. Our analysis and experiments are verified using Gummel-Poon model parameters of a Philips BFG41OW double poly transistor (f, = 22 GHz). Finally, an IM3-compensated balanced CE-amplifier circuit was built and measured to support the theory of Section 11.
IM3 ANALYSIS OF A CE-STAGE
In order to obtain an expression for IM3 as function of collector current IC we use a Volterra series analysis. First we will calculate the full expression and identify the requirement for low frequency IM3-cancellation. For the initial analysis we use the non-linear small-signal model in Zs and ZL are the source and load impedance respectively. We assume that the transistor is biased in the active region for which the exponential distortion is dominant and quasi-saturation is not yet present. In this case, the predominant source of distortion is the non-linear exponential base-emitter junction. The base current For our initial analysis we assume for the moment, that the base-emitter depletion capacitance C, is linear in order to keep the complexity of the equations included in this paper manageable. Since this is not entirely correct for a forward biased junction, we will consider this matter at a later stage.
The Volterra series is calculated symbolically by nodal
. We consider vs(t) and v0(Q to be the input and output signal voltage of the system with
being a two-tone signal of the form vs(t) = V, [cos(o,t)+cos(~,t)]. For this situation, the firstorder Volterra kernel is given by: ..
The magnitude of the IM3 product at frequency ( 2 q -U,)
can be calculated using H3( jw, , jw, , -j w , ) and H , ( 2 j q -Jm2):
Eq. (3) and (4) show that there is a real part in T( j q , jq , -j q ) , which only depends on resistive elements, and an imaginary part, which depends both on resistive and capacitive elements and on the second-order intermodulation frequency components ( 2w, ) and (q -wz). The other factor in the numerator of Eq. (3) only depends on the depletion capacitance and the source impedance at the IM3 frequency. This term can only be made zero for a single frequency by using an inductive source impedance [4] . Yet, to obtain the requirement for frequency independent IM3 cancellation, we first set the frequency in Eq. (2)- (4) Substitution of (6) in (4) yields the second requirement for frequency-independent IM3 cancellation:
c, = 2TFgm = 22, -1,
In fact, if both requirements are fulfilled, a perfect frequency independent cancellation of the real and imaginary part of T(jq,jq,-jw2) in Eq. (3) and (4) occurs. According to this theory, the current level, at which cancellation happens, is fixed for a given in'frinsic bipolar transistor by the value of C, and r F . Consequently, conditions (6) and (7) reduce to a single requirement for Zs:
Note, that more freedom can be obtained by placing a linear capacitor in parallel with the base-emitter depletion capacitance or by scaling the lateral dimensions of the device.
To demonstrate the theory, we use the HB simulator of MDS to compute the output third-order intercept point (OIP3) versus 1, at different frequencies using an idealized transistor (see Fig. 1 ) implemented as a symbolically having a conjugate power match at the input and output of the device. Furthermore, the bias circuitry is also part of the load and source impedance. This means that if we would like to apply the proper source and load impedances according to the cancellation requirements, the element values for C, and LCH should go to infinity to obtain full frequency span IM3 cancellation. A way to circumvent the problems related to the circuit is to make use of a balanced CE-stage amplifier with a center-tapped transformer for even harmonic control at the input. Fig. 4 shows the novel balanced CE-amplifier configuration. In this configuration the requirements for power match and linearity can be established simultaneously without interference of the bias circuitry. defined device (SDD). Fig. 2 shows the circuit of the CEstage with the BFG41OW parameters used with the SDD. The source impedance for IM3 cancellation for this transistor was calculated using (8) to be Zs= 1500 fi .
--L I Cj, I 60fF Fig. 3a shows the computed OIP3 versus E of the circuit in Fig. 2 . It can be observed that the OIP3 is independent of center and delta frequency. In the previous calculations we did not consider the influence of the collector-base depletion capacitance C,=. If we add this capacitance to our analysis, an extra requirement for IM3 cancellation concerning the load impedance ZL arises:
In reality we will not have perfect cancellation over a wide frequency range. This can be attributed to the device itself and the circuit environment. First of all, the bipolar device is not as ideal as in Fig. 1 . In a real device we also have the non-linearity of the depletion capacitance C, and the contributions of the forward and reverse Early effects, which deteriorate the exponential behavior of IC. As a result, the peaking of the OIP3 maximum will be somewhat reduced. Besides that, there are still some other nonlinearities, which were not taken into account yet (e.g. the non-linear base resistance). Secondly, the established conditions in (8) and (9) are not really convenient for . . . . .. .. Fig. 4 . Balanced CE-amplifier stage with IM3-cancellation.
We already showed in Eq. (3) that the IM3 cancellation completely depends on the proper loading of the secondorder products. In a balanced configuration we can orthogonalize the circuit conditions for even and odd-order frequency components. Hence, for the second-order components at the input of the transistor, is the impedance seen at the source-side that establishes IM3-cancellation. For the fundamental components, the source and load conditions can now be chosen arbitrarily, e.g. for noise-match or power match. For the balanced situation the requirement for linearity can be translated to:
Note that in this case also the requirement (9) for the load impedance disappears. This is caused by the effective shortcircuit condition for the even harmonics at the output of the transistors. Consequently, by using the Miller approximation C,, can be transformed to the input and added to C, as indicated in Fig. 4 . and & = 650 fi . We see that the OIP3 is still independent of center and delta frequency, but now also of Zs and ZL. An improvement of over 20 dB of OIP3 can be achieved in theory compared to a normal balanced CE-amplifier at low collector currents. To support this theory, a hybrid As can be observed from the experimental results in Fig.  6 , pronounced support has been found for the developed theory. This is stressed even more by comparing the results for the same circuit with and without the second-harmonic control-resistor &. An improvement of over 15 dB in OIP3 can be obtained by applying the correct resistor value &.
Integration of this circuit design combined with robust biasing [2] will lead to a better balancing and higher operating frequencies. This facilitates high dynamic range LNAs with extremely low DC power consumption. implementation has been designed which is discussed in the next section. Fig. 5 shows a photo of the balanced CE-amplifier using two BFG4 1 OW transistors with center-tapped transformers at the input and the output of the amplifier. The transformers have an impedance ratio of 4. Additional transformer baluns are placed in front of the center-tapped transformers to ensure perfect phase balance over a wide frequency range. Note that the IM3 cancellation is based on the proper termination of the second-order products. Therefore, the bandwidth of the transformer must cover the range of fc as well as the double frequency 2fc. Since the transformers were limited to approximately 1 GHz, two-tone measurements were performed at fc = 385 MHz and fc = 225 MHz in a 50 a -environment. Fig. 6 shows the OIP3 versus the total DC-current. The optimum &-value was calculated to be 600 52, in which the base resistance and parasitic capacitances were taken into account. MHz and atfc = 385MHz for different frequency spacing AJ
PRACTICAL RESULTS

IV. CONCLUSION
A novel design technique has been presented which focuses on the design of highly linear, low power receiver front-ends. The technique utilizes exponential IM3 canceling by proper termination of the second-order products facilitating orthogonal OIP3 and impedance or noise matching. The experimental data is in agreement with the developed theory and demonstrated over 15 dB improvement of OIP3.
